Hard gold and silver are applied in coating owing to their high hardness, good wear and corrosion resistance for engineering application (e.g. on generators slip rings, sliding contacts and small machine parts) and are typically plated on copper (mostly), brass and bronze. The studied nickel-hardened gold and silver coatings were brush plated on open thin-walled copper ring substrates. Residual stresses in the coatings were calculated from the curvature changes of the substrates. Biaxial intrinsic residual stresses were also determined by nanoindentation testing and by the X-ray technique. The values of the residual stresses represented tensile stresses and when determined by the techniques used they were comparable within a maximum limit of measurement uncertainty. These stresses relax; the dependence of relaxation time was approximated by a linear-fractional function.
INTRODUCTION


The properties of an engineering component are to a great extent determined by its surface properties [1] . In order to plate only small areas, with no limitation to the size of the workpiece, electrolytic brush plating is a relatively straightforward procedure. In recent time brush plating has reached industrial maturity and has gained some attention [2 -4] , as it is a simple processing method for selective plating of desired materials onto metallic materials without dipping the machine part or work piece into a tank of the electrolyte. Selective areas can be plated and the stylus (anode), covered with an absorbent material soaked in the electrolyte, can be moved to the substrate (cathode) or, alternatively, the substrate can be moved in relation to the fixed anode. In this case the anode is replenished with the plating solution by drops from a separatory funnel or by means of a pump, and the coating is deposited at uniform rotation speed, which guarantees a relatively homogeneous temperature of the deposition process. Consequently, the stylus is always kept in motion whenever it is in contact with the work surface. This process was schematically presented in our previous papers [5, 6] . The solutions used in brush plating must contain metal salts at high concentrations; this permits application of higher (about 100 times) current densities and guarantees a fast deposition process in comparison with tank plating. As the plating process takes place at room temperature, no heater is required.
Brush-plated gold and silver coatings are mainly used for decorative purposes (e.g. jewellery, adornment, copper domes of churches, musical instruments etc). For engineering use, alloying metals or nanoparticle composites are added to pure gold and silver. Alloyed hard gold and silver finish has met electric application for coatings in connector elements: generator slip rings and sliding contacts, contact springs, pin socket contacts and small parts; edges of a printed circuit board etc. These coatings have high hardness and high wear resistance and, as the contact material guarantees good switching characteristics and high electric and thermal conductivity, they have also sufficient strength. Gold coatings are mostly plated on copper, brass and bronze. A hard gold coating is sometimes plated with a nickel underlayer. The nickel underlayer has multiple functions: acting as a diffusion barrier, imparting stiffness and providing mechanical support to the contact layer [7] . Silver is often used as low-priced replacement for gold. Residual stresses arising in electrodeposited coatings can lead to detrimental effects, including a decrease in fatigue strength, cracking under service conditions, or delamination.
The nickel-hardened gold and silver coatings used in the current study were brush plated from an industrial SIFCO Dalic Solution (Gold Hard Alloy), Code SPS 5370, and Silver Hard Heavy Build, Code SPS 3083, on open thinwalled copper ring substrates [5, 6] . In the present paper some mechanical properties of the coatings, e.g. residual stresses, surface roughness and nanohardness, which affect the service life of electrical components, were determined.
EVALUATION OF RESIDUAL STRESSES IN COATINGS
Residual stresses arise in electrodeposits and their origin is described in literature [8] . Residual stresses in the coatings were calculated from the curvature changes (the curvature technique is common in the electrodeposition industry, it employs long substrates to produce large, easily measurable deformation parameters) of thin-walled open ring substrates. The equation used is based on Brenner and Senderoff's concept [9] , where the substrate is treated as a beam with slipping ends. In this study the equation was modified for thin coatings, to account for biaxial stresses and the shell shape of the substrate, by the coefficient [5, 6]     
where R0 is the middle radius of the substrate; b1 and b2 are the widths and h1 and h2 are the thicknesses of the substrate and coating, the coefficient where γ = E2b2/E1b1, E1 and E2 are the moduli of elasticity of the substrate and coating, respectively. The Poisson's ratio for the substrate and coating is assumed to be equal (μ1 = μ2 = μ), Δδ is the measured slit change that replaces the curvature change. In comparison with previous equation [5, 6] , where thickness h2 is kept in the first degree, the difference is less than 5 %.
It has been observed that residual stresses decrease with time. An equation for approximation of the change of residual stresses, calculated from experimental data, was developed assuming that the dependence of residual stress on relaxation time is linear-fractional. The least squares approach was used to fit an equilateral hyperbola with the asymptote parallel to the coordinate axes [10]   ,
where σ0 is the calculated residual (initial) stress of a freshly plated coating (as-deposited stress t = 0); σf is calculated finishing stress; t is relaxation time in days; a and b are constants. The calculations were made using the regression functions trendline of the MS Excel and genfit (vx, vy, vg, F) of the mathematical program Mathcad 15.0.
Localized measurement of residual stresses in the coatings was evaluated by the X-ray and instrumented indentation testing techniques. Residual stresses in the coatings were determined by the X-ray technique at the Moscow State University of Instrument Engineering and Computer Science, using the portable diffractometer DRP-3, based on the sin 2 ψ method [11] . Main calculations, according to Bragg's law, were made using the equations:
where n is the order of interference; λ is the wavelength of the X-ray; d is interplanar spacing; θ is the angle of the incidence of the X-ray beam.
Residual stresses were determined along the generatrix and in the circumferential direction using CrKα radiation in the {222} reflection of the coating in the middle region of the substrate.
In the present case the magnitude of the modulus of elasticity and of the nanohardness of the coatings were obtained by means of instrumented indentation using the pendulum-type nanotester MTS Nano Indenter XR®. The Oliver-Pharr method was used to determine the reduced modulus and hardness from the load displacement curves, using a tip areas function for the tip [12 -15] that was carefully calibrated on fused silica according to the equation
where the literature based standard values E´ = 11.43 × 105 N/mm 2 and μ´ = 0.07 are the modulus of elasticity and the Poisson's ratio of the CVD diamond indenter, respectively [12] ; μ2 = 0.44 is the Poisson's ratio for the coating, which is assumed to be equal to that for pure gold; E* and E2 are the measured and the calculated moduli of elasticity of the coating materials, respectively. The measurements were conducted in a series of 30 measurements at loads of 3, 5 and 10 mN, and mean values were used. The calculated average values of the elastic modulus and of nanohardness are reported.
Biaxial tensile intrinsic residual stresses were calculated from the load-penetration curves for a stressfree sample and for specimens under residual stress according to the model of Suresh and Giannakopoulos [14, 15] as follows:
where σr is residual stress; H is indentation hardness; Ac is the apparent contact area for a stressed sample and A0 is the apparent contact area for a stress-free sample of a three-sided pyramidal Berkovich indenter used in nanoindentation. Calculation of residual stresses is presented in our previous paper [16] .
The surface structure and cross section of the test pieces were studied by means of scanning electron microscopy (SEM) Zeiss EVO MA-15.
The surface topology of the coating was measured in a non-contact mode using the optical profiler Bruker Contour GT-KOX.
EXPERIMENTAL PROCEDURE AND METHOD
Nickel-hardened gold and silver coatings were brushplated from an industrial SIFCO Dalic Solution (Gold Hard Alloy), Code SPS 5370 (gold potassium cyanide, ethylenediamine, nickel cyanide pH 8.4, concentration of gold 100 g/l, 23kt) and from Silver Hard Heavy Build, Code SPS 3083 (silver cyanide, ethylenediamine pH 11.6, concentration of silver 100 g/l), on open thin-walled copper ring substrates. A pure nickel preplate with a thickness of 0.4 μm was deposited from the electrolyte with the following composition: nickel sulphate 350 g/l, formic acid 60 g/l, magnesium sulphate 10 g/l pH 1.6 [17] . , used as the substrate, were cut from a copper plate and were rolled to the open ring. The surface of the substrate was polished to the roughness Rz = 0.81 μm. The description of the preparation of the substrate for deposition and the plating technology can be found in the literature [5, 6] and the parameters are presented in Table 1 .
The number in the coating code indicates the current density of which the coating was deposited onto substrate. Other signs are described below the Table 1 . The velocity of the substrate was 0.39 m/s and room temperature was 21 °C. The ratio of the anode surface to the surface to be coated was 1 : 8. The values of coatings thicknesses were measured on cross-sectional SEM micrographs. Some of the plated rings were cut along the generatrix into pieces (see Fig. 1 ) with an arc length of 8 mm for analysis of surface structure and cross section and for measuring residual stresses by the X-ray technique and with an arc length of 30 mm for determination of the modulus of elasticity, nanohardness and residual stresses.
RESULTS AND DISCUSSION
Residual stresses in the investigated coatings, estimated by the layer growing curvature method, as depending on relaxation time, are presented in Table 2 and in Fig. 2 a, b . Expanded uncertainty of 15.2 % and 16.3 % used for the gold and silver coatings, respectively, were calculated in our previous papers [6, 18] . The values of residual stresses obtained, by nanoindentation and by the X-ray technique using Young modulus and the Poisson's ratio for gold and silver were, 80.0 GPa, 80.0 GPa and 0.44, 0.37, respectively. The diffraction angles were 77.6°, 73.3°, and the ψ tilt angles were 0°; 40°, 0°; 40°, respectively. Linearity of the squared curves is accepted.
The results obtained by the curvature method show a fivefold decrease in the values of tensile stress during observation time. It is not clear why the level of asdeposited residual stress is so high, especially for the silver coatings. The obtained coefficients of the lines of approximation are different for each coating. However, the cause of this remains unclear and cannot be attributed either to deposition rate or substrate thickness.
The values of tensile stress obtained by the three methods are similar but the methods are different by nature. A strong qualitative correlation between the three methods was found to exist. The substrate curvature method yields average values of stress across the whole coating volume while the X-ray method yields only the diffraction domain in irradiated zone. However, localized measurement of residual stresses by nanoindentation is based on the size and shape of the load penetration curve. Residual stresses and hardness of plated layers are extremely important durability related issues when slip rings of generators are coated. Note that in the case of the X-ray technique, sample preparation and instrumentation are frequently time consuming and expensive. Conversely, the nanoindentation technique is simple and requires little sample preparation or instrumentation and has several advantages.
In Fig. 3 the SEM image and linescan analysis of the cross-section of the Au coating on the Cu substrate is shown. The interfaces of the Au and Cu substrate could be clearly distinguished. The structural analysis of the samples has not been done. The typical surface morphology and the cross sections of the gold and silver coatings, studied by means of SEM, are presented (Fig. 4, Fig. 5 ).
Brush-plated coatings have a fine crystalline nanostructure which is caused, on the one hand, by the high deposition current and, on the other hand, depend on deposition rate. These coatings contain carbon impurities originating from the graphite anode, which can have an effect on the mechanical properties of the coating material.
In the future more experimental effort, aimed to evaluate the microstructure of the coatings during relaxation of residual stresses, is needed. Fig. 6 and Fig. 7 show a typical topology of the gold and silver coatings studied by an optical profiler. Fig. 6 a, b and Fig. 7 a, b, respectively. It can be seen that if grain size in surface morphology is coarser then the intensity of jags is higher. The average roughness of the investigated coatings is presented in Table 1 . It is evident that when coating thickness increases then also the roughness of coated surface increases more than twofold; therefore, finishing is needed for obtaining mirror surface.
CONCLUSIONS
The values of tensile residual stresses in the gold and silver coatings, obtained by the three methods, were comparable and they decreased significantly, in particular, during the first weeks.
The average values of the moduli of elasticity and of the nanohardness of the gold and silver coatings, obtained by instrumented indentation, fluctuated to a great extent and were comparable.
Brush-plated coatings had a fine crystalline nanostructure which was caused by the high deposition current and by the short-term growth of the formed grains.
The micrograph of the cross-section of the coatings revealed graphite particles deposited from the anode.
